Abstract: A compact bidirectional polarization splitting antenna (BPSA) composed of a patterned metallic structure coated by a thin dielectric film is proposed and theoretically investigated. Using a polarization-selective array of grooves, the backside illuminated light transmitted through the central nanoslit is split and coupled into TM-and TE-polarized modes supported by the metal-dielectric-air (MDA) configuration. The operation principle of the structure is clarified and theoretically illustrated by utilizing the fully vectorial aperiodic Fourier modal method (a-FMM). Numerical simulations show that insertion losses (ILs) less than 4 dB, polarization extinction ratios (PERs) better than 18 dB, and crosstalk (CR) less than À18 dB are achieved for both polarizations in the wavelength range 1510-1570 nm. The structure will find potential applications in highly integrated polarization diversity systems and photonic integrated circuit.
Introduction
Polarization-transparent microphotonic devices, spectral imaging and sensing techniques, and polarization diversity schemes in optical communication rely on structures that collect and sort photons by polarization [1] - [3] . The strong push for chip-scale integration has initiated a demand for very small subwavelength optical components and fomented great interest in identifying the ultracompact possible structures. Surface plasmon polaritons (SPPs) have made a breakthrough in the domain of photonic integration and interconnection by opening the possibility of overcoming the diffraction limit encountered in classical optics [4] , [5] . The optical coupling from freely propagating light to SPPs has enabled many important functionalities, including the efficient unidirectional nanoslit coupler [6] , plasmonic light beaming [7] , bidirectional plasmonic splitter [8] , compact antenna [9] , and submicron plasmonic dichroic splitter [10] .
Recently, the metal-dielectric-air (MDA) configuration consisting of a metal surface coated by a thin dielectric film has attracted much attention as a popular plasmonic waveguide, which has great potential for directional beaming of light [11] , bidirectional wave coupler [12] , rainbow trapping [13] , and future plasmonic circuitry [14] - [16] . It is well known that both polarizations are important for many applications, such as integrated polarization diversity systems in optical communication [2] , [17] , [18] . However, most plasmonic applications are based on TM polarization only. As a matter of fact, the TE polarization analogous phenomena such as enhanced optical transmission [19] , [20] , beaming and focusing [21] , and slit coupling [22] are attractive and have been demonstrated experimentally or theoretically. Fortunately, it has been shown that both TE-and TM-polarized modes could be supported by the MDA waveguide if the thickness of the dielectric film is properly chosen [23] . Thus, both polarizations could be exploited in the MDA waveguide, opening up a range of opportunities for new potential applications in photonic integration.
In this paper, we propose and theoretically analyze a compact bidirectional polarization splitting antenna (BPSA) based on a patterned metallic structure coated by a thin dielectric film. We show that the periodic array of grooves imposed on the MDA configuration has the feature of polarization selectivity: high reflection for one polarization and, meanwhile, high transmission for the other. Utilizing this property, we then design a BPSA composed of asymmetric grooves surrounding a nanoslit, which enables the backside illuminated light to be split and coupled into TM-and TEpolarized modes. Its operation principle will be clarified, and the performance will be investigated and discussed. Fig. 1 shows the proposed BPSA: It is composed of a slit of width w s and surrounding asymmetric grooves milled in an optically thick metal film of thickness h m deposited on a glass substrate ðn s ¼ 1:46Þ. A thin dielectric film of thickness h d is then added on top of the slit and grooves, which could provide additional benefit as a protection layer for metal to avoid oxidation in reality. The structure is under backside illumination of a normally incident unpolarized beam, and both TM-and TE-polarized modes supported by the MDA waveguide will be excited. We should note that backside illumination used here is favorable as it eliminates the possible significant noise introduced by the incident light, which then leads to a decrease in the system size [24] , [25] . In this paper, silver with frequency-dependent permittivities tabulated in [26] is used as the metal film, and the refractive index of the dielectric film is assumed to be n d ¼ 2:0. Without special specifications, the operation wavelength is set to be ¼ 1550 nm. Fig. 2 presents the variation of the effective refractive index n eff with thickness h d of the dielectric film for different TE-and TM-polarized modes. The fundamental TM mode is the plasmonic mode bound to the metal surface with field decaying exponentially in the y -direction, while the TE mode is the photonic mode confined mainly in the dielectric film with relatively low propagation loss. For very thin dielectric film, the fundamental TM mode becomes progressively close to an SPP propagating along the metal-air interface [23] . The dependence of n eff on h d gives details that are needed to tune the effective refractive index for both polarized modes in the MDA waveguide. Both TE-and TM-polarized modes could be supported by the MDA waveguide if the dielectric thickness is properly chosen. The thickness h d is set to be 400 nm here so that both fundamental TE-and TMpolarized modes are of relatively low propagation loss.
Structure and Operation Principle
We first show that a groove array may exhibit strong polarization selectivity in terms of reflectance and transmittance. The polarization-dependent reflection may be obtained when the period of the groove array satisfies the Bragg reflection condition expressed as [6] , [27] 
where k 0 ¼ 2= is the wave vector in the vacuum, n TE;TM eff is the effective refractive index of the fundamental TE-or TM-polarized mode, p is the period of the array, and m is an integer. As n eff is polarization dependent, it is possible to realize high reflection of one polarization and simultaneously high transmission of the other for the same array of grooves. The reflectance and transmittance depend on the groove geometry (width and depth) and the number of grooves, and could be calculated efficiently following the theoretical models we have set up and validated in [28] and [29] . According to (1) , the periods of asymmetric groove arrays are set to be p L ¼ 410 nm to reflect TM-polarized mode and p R ¼ 570 nm to reflect TE mode, respectively.
Throughout this paper, an analysis will be performed with h d ¼ 400 nm, h m ¼ 450 nm, and w s ¼ 360 nm. The numbers of grooves on both sides are set to be N L ¼ N R ¼ 5, which is adequate to offer a good performance of polarization splitting and also helps to minimize the device size. Specifically, for the left-side grooves of the proposed structure, the TM-polarized mode is efficiently reflected while the TE-polarized mode efficiently transmits; for the right-side ones, the performance of TM-and TE-polarized modes reverses. Our intuitive explanation of the polarization splitting operation has been made quantitatively by examining the grooves' scattering data using the fully vectorial aperiodic Fourier modal method (a-FMM) [30] . Fig. 3 shows the transmittance and reflectance as a function of the groove size. For some special groove sizes (indicated by the white BÂ[ signs in Fig. 3 ), the transmittance is high for one polarization, and meanwhile, the reflectance is also high for the other. As a result, it is suitable to set w L ¼ 110 nm and h L ¼ 100 nm for the left-side groove array and w R ¼ 505 nm and h R ¼ 350 nm for the right-side groove array. We notice that wider and deeper grooves are needed to obtain high reflectance of the TE-polarized mode. This is because the propagating TE mode is confined mainly in the dielectric film and, thus, is less sensitive to the roughness of the metal-dielectric interface. Moreover, the outward-going radiation scattered by grooves is small as T þ R for both polarizations are high. The slit-groove distances are also important for the performance of the BPSA. The TM-polarized mode reflected by the left grooves should interfere constructively with the one leaving the slit to the right, and the TE-polarized mode reflected by the right grooves should interfere constructively with the one leaving the slit to the left. This can be realized if
where m 1 and m 2 are integers;
are the reflectance coefficients of the left and right groove arrays, respectively; and TM and TE are the transmittance coefficients of the TMand TE-polarized modes at the slit, respectively. As a result, the TE-polarized mode unidirectionally propagates to the left while the TM-polarized one to the right, resulting in an effective BPSA. Note that the phases introduced by the polarization-selective grooves' reflection have been embodied by the first terms of (2) .
To check the validity of (2), we calculate a parameter I TM r (or I TE r ) defined as the quotient between the squared of the field amplitude jH x j (or jE x j) of the right-propagating TM mode (or the leftpropagating TE mode) with grooves on both sides and without any grooves. Specifically, I 
Results and Discussions
In this section, we will analyze and discuss the performance of a BPSA. We should emphasize that this work is intended not to provide an exhausted optimization of geometrical parameters but to present a proof of concept. With the knowledge of Figs. 3 and 4 , a detailed analysis will be performed with of jH in x j for the obtained structure without (a) and (c) and with (b) and (d) arrays of grooves, respectively. It is clear that without grooves, both polarized modes are efficiently excited and launched bidirectionally. Whereas with asymmetric grooves and properly designed slit-groove distances, the left-propagating TE mode and right-propagating TM mode are efficiently launched, and meanwhile, the right-propagating TE mode and left-propagating TM mode are very weak. As expected, the surrounding asymmetric grooves are polarization selective in terms of reflectance and transmittance; the outward radiation scattered by the grooves is small and has little influence on the propagating waveguide modes, as shown in Fig. 5(b) and (d) . To quantitatively evaluate the performance of the proposed structure, we adopt insertion loss (IL), polarization extinction ratio (PER), and crosstalk (CR) as the figures of merit, which are defined as follows:
where P is calculated at a sufficiently far distance of 3 m away from the edge of the outmost grooves, where the field is dominated by the TE-or TM-polarized mode, then we propagate this energy flow back to the edge of the outmost grooves with the complex effective index of the corresponding mode. In such a way, the possible influences of outward-going radiations are eliminated since our only concern is on the bounded waveguide modes. We emphasize that IL incorporates losses introduced by the scattering at the entrance side of the slit, by the excitation of surface plasmons propagating at the metal/substrate interface (for the TM polarization only), by the out-of-plane scattering (leakage) at the exit side of the slit and at grooves, and by the intrinsic absorption of the metal. This is better understood with the definition of coupling efficiency:
in for the TM polarization. PER is concerned about the energy flow of different polarizations in the same direction, whereas CR is defined in terms of the energy flow of identical polarization in different directions.
For the case of incident wavelength ¼ 1550 nm, as shown in Fig. 5 These results are of great importance from both a theoretical point of view and for its use in highly integrated polarization-transparent diversity systems and optical signal processing in photonic integrated circuit.
The spectral performances of these figures of merit are illustrated in Fig. 6 (a)-(c). As shown in Fig. 6(a) , the ILs less than 4 dB, i.e., more than 40 % coupling efficiency, are achieved for both polarizations in the wavelength range 1510-1570 nm. In this wavelength range, the PERs better than 18 dB and CR less than À18 dB are achieved for both polarizations. The proposed structure can also function as an efficient unidirectional launcher for TE-or TM-polarized light or as an integrated polarization analyzer. For such functionalities, the efficiency coefficient E r defined as the quotient between the coupling efficiency of the right (or left)-propagating TM (or TE) mode with grooves on both sides and without any grooves could be used to characterize the performance, as was done in [6] and [22] . The spectral performance of E r is shown in Fig. 6(d) . It is clear that E r is close to or larger than 2.0 for both polarizations in the wavelength range 1510-1570 nm. Note that E r may be close to I r in values as they are both used to evaluate the directional enhancement. We should emphasize that the polarization-selective asymmetric grooves and properly designed slitgroove distances enhance the propagation of TM-and TE-polarized modes, enabling two polarizations to be unidirectionally launched, respectively.
Conclusion
In conclusion, we have proposed and theoretically investigated a compact BPSA composed of the asymmetric polarization-selective grooves surrounding a nanoslit in the MDA configuration. A theory on the analysis of the groove array and slit-groove distances has been developed and validated by the fully vectorial a-FMM calculations. With the properly designed asymmetric grooves and slit-groove distances, the TM-and TE-polarized modes supported by the MDA waveguide are split and launched into opposite propagating directions, which elucidates the design concept of the structure. Numerical simulations show that ILs less than 4 dB, PERs better than 18 dB, and CR less than À18 dB for both polarizations are achieved in the wavelength range 1510-1570 nm. The structure could also serve as an efficient unidirectional polarizer or an integrated polarization analyzer, and will be promising for the utilization of both polarizations in plasmonic circuitry. We believe that the proposed BPSA could be of great interest for potential applications in polarizationtransparent microphotonic devices, nanoscale photonic circuitry, and optical interconnects and polarization analysis on chips.
